PEM water electrolysis has recently emerged as one of the most promising technologies for large H 2 production from temporal surplus of renewable electricity, yet it is expensive partly due to the use of large amounts of Ir present in the anode. Here we report the development and characterization of a cost effective catalyst, which consists of metallic Ir 
show an uniform distribution of mostly single Ir particles covering the electro-ceramic support, although some agglomerates are still present. X-ray diffraction (XRD) analysis reveals a cubic face centered structure of the Ir nanoparticles with a crystallite size of ca. 1.8 nm. According to X-ray photoelectron spectroscopy (XPS), the ratio of metallic Ir and Ir-oxide, identified as Ir 3+ , is 3:1 after the removal of surface contaminations. Other surface properties such as primary particle size distribution and surface potential were determined by atomic force microscopy (AFM). Cyclic and linear voltammetry was conducted to study the electrochemical surface and kinetics of Ir-black and Ir/Ti 4 O 7 . The developed catalyst outperforms commercial Ir-black in terms of activity for the oxygen evolution reaction (OER) in acid medium by a factor of four, measured at 0.25 V overpotential and room temperature. In general, the Ir/Ti 4 O 7 catalyst exhibits improved kinetics and higher turnover frequency (TOF) compared to Ir-black. The developed Ir/Ti 4 O 7 catalyst allows reducing the precious metal loading in the anode of a PEM electrolyzer by taking advantage of the use of an electro-ceramic support.
Introduction
Hydrogen can be used as an energy vector when produced from renewable energies such as solar or wind by using water electrolysis systems. 1 Commercially, hydrogen can be electrochemically produced by alkaline and PEM electrolysis. At present, the cost of the latter is almost twice the cost of the alkaline one. 2 However, PEM electrolyzers have the main advantage that they can be operated at much higher current densities than alkaline, thus an investment cost reduction is expected in the future. 3 One drawback of the PEM technology is that it requires the use of expensive precious group metals (PGM) electro-catalysts such as Ir and Pt in the anode and cathode, respectively. In particular, the anode requires a high loading of the scarce Ir metal of 2 -4 mg cm -2 , 4 because of the sluggish kinetics for the OER and high overpotential in the anode side. 5, 6 Moreover, the electrochemical reaction mechanism is considered complex and high energy consuming. 7 Nanostructured RuO 2 and IrO 2 are the most active catalysts for OER in acid media. 6, 8, 9 While RuO 2 is much more active and cheaper than IrO 2 , the stability is rather poor at high over-potentials leading to leaching of poisonous Ru 4+ . 10 Several methods have been investigated in the last few years in order to address this challenge. One strategy is the optimization of the electrode design. In this context, Debe et al. developed an unsupported Ir-based anode with nanostructured thin film (NSTF) technique, achieving a comparable performance as commercial baseline but at 8 times lower Ir loading.
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Another way for reducing the amount of PGM is by using supporting materials, which is a common way in developing PEM fuel cell catalysts. 12, 13 However, due to the operation of PEM electrolyzers at 2 V (nominal condition) or higher, the standard fuel cell catalyst supports such as carbon, are oxidized to CO 2 . 14 
X-ray photoelectron spectroscopy
A Thermo Scientific ESCALAB 250 ultra-high vacuum (1 . For XPS measurements an Al Kα X-ray source (Thermo XR4) and a small area lens mode (0.8 mm 2 ) were chosen to ensure that the measuring spot was entirely within the sputtering crater. The atomic concentrations of elements in the samples were quantified using peak integrals and sensitivity factors provided by Thermo Scientific. For peak background correction a Shirley function was used. The sputtering yields are not calibrated for this material and hence, the depth profiles are plotted as function of sputter time only. To facilitate the comparison of our results with results of other groups we measured the sputter yield of Ta 2 O 5 /Ta sputtering reference samples with defined thickness of the Ta 2 O 5 layers: for the sputter conditions used in this paper the sputter yield of the reference material corresponds to 0.12 nm s -1 . All XPS experiments were performed at room temperature and evaluated by the Thermo Scientific Avantage software. The powders were pressed into pellets to avoid charging of the powder samples during the experiments between individual grains. For depth profiling of the catalyst layers droplets of the catalyst ink have been deposited on a gold foil.
Atomic force and electron microscopy
The morphology of samples was observed using scanning electron microscopy (SEM, Zeiss ULTRA plus with Charge Compensation). The images were recorded based on backscattered electrons (BE) with the accelerating voltage of 1 kV. Energy-dispersive X-ray spectroscopy (EDX), which was combined in the SEM, was used to analyze the element composition of catalyst. The SEM was equipped with an XFlash 5010 detector (Bruker Corp.) for EDX analysis and the detector had an energy resolution of 123 eV at Mn Kα. For AFM investigation, a Bruker Multimode 8 AFM (Karlsruhe, Germany) equipped with a Nanoscope V controller, a closed loop scanner with open loop Z-axis (nPoint, USA), an open loop EVLR scanner (Bruker Corp.), quantitative nano-mechanical tapping Mode (QNM™, Bruker Corp.), PeakForce Kelvin probe force microscopy (PF-KPFM, Bruker Corp.), and for current measurements, a lock-in current amplifier (PeakForce-TUNA™, Bruker Corp.) was used. The current measurements were performed with PtIr coated tips (PPP-NCHPt, 42 N/m; Nanosensors). In the QNM™ mode, mechanical properties are retrieved from the force-separation curve simultaneously to the height information. Thereby, adhesion force, stiffness, deformation, and energy dissipation mappings are recorded as reported elsewhere. 31 In PF-KPFM mode, the surface potential and the mechanical properties are measured alternatingly, with the tip lifted with constant distance above the surface during the potential measurements. The potential is retrieved via a nulling method. 32, 33 The measured values are always the contact potential difference (CPD) to the Si AFM probe. For the PF-KPFM measurements, PFQNE-AL probes (Bruker) with a highly doped silicone tip on a nitride lever, a resonance frequency of 200-400 kHz, and a spring constant of 0.4-1.2 N/m were used. For high sensitivity, the lift height was set as low as possible without getting artefacts. In order to exclude a difference caused by change of the AFM probe, all measurements were performed with the same AFM probe.
The sample was fixed with conductive tape to the AFM magnetic steel disk sample holder and was measured at ambient conditions. Transmission electron microscopy (TEM) was performed using a Philips CM20 aligned for an accelerating voltage of 200kV equipped with a LaB6 cathode and a Keen View SIS camera. The sample material was directly dispersed on a free supporting lacey-carbon film (Plano) and the image data processing was performed by using Digital Micrograph from Gatan.
Electrochemical characterization

Electrode preparation
For the preparation of the catalytic ink, 10 mg sample was ultrasonically dispersed in 1.25 mL ultra-pure water (AlfaAesar) together with 0.25 mL Nafion® perfluorinated resin solution (5 wt. % in lower aliphatic alcohols and water, Sigma-Aldrich) to obtain a homogeneous suspension. Subsequently, 20 µL of the suspension was pipetted onto the surface of a ceramic shrouded glassy carbon rotating disk electrode (GC-RDE, 1 cm 2 , Peter Schrems Elektroniklabor), which makes the implementation for temperature dependent measurements up to 70 °C. Prior the catalyst deposition, the GC-RDE was polished with alumina suspension (Buehler) until mirror-like finishing and ultrasonically cleaned, first in deionized water and then in pure ethanol. Once coated, the GC-RDE was dried at room temperature under Ar flow.
Electrochemical measurements
Cyclic voltammetry (CV) and linear scan voltammetry (LSV) were carried out in a three-electrode cell, in which GC-RDE was employed as working electrode. A Pt foil and a reversible hydrogen electrode (RHE, Gaskatel) were used as counter and reference electrode, respectively. All the electrochemical measurements were performed using an Autolab PGSTAT12 potentiostat. The OER measurements were performed from 1 to 1.6 V vs. RHE at a scan rate of 5 mV s -1 and a rotation speed of 2500 rpm with temperatures ranging from 25 up to 70 °C. The scan rate was kept sufficiently slow to decrease as much as possible the capacitance contribution to the measured current density. Before testing, pure Ar (purity 5.0, Linde) was bubbled into the electrolyte (0. .
An image with higher magnification (Fig. 2b) clearly reveals that the Ir agglomerates are uniformly dispersed on the ceramic particles, which have irregular shape and are much darker than the precious metal. Interestingly, some very small agglomerates or even single nanoparticles scattered on Ti 4 O 7 are visible as well. These particles can be noticed in Fig. 2b as tiny bright spots laying on the ceramic particles. Fig. 2c presents an overview TEM image of Ir/Ti 4 O 7 catalysts. It shows Ir clusters (dashed circle) attached to the ceramic, which are not distributed homogeneously and seem to be quite scarce. The TEM image with increased magnification (Fig. 2d) confirms the presence of single Ir particles of ca. 2 nm in diameter and small agglomerates of less than 10 nm deposited on the Ti 4 O 7 surface.
XRD
The structure the Ir/Ti 4 O 7 sample and the lattice parameters of Ir were determined by Rietveld analysis. The XRD pattern of Ir/Ti 4 O 7 is presented in Fig. 3 . It shows four main broad peaks corresponding to the cubic face centered structure of Ir (space group: Fm-3m). In Table 1 , the crystalline properties of the Ir phase calculated with Rietveld analysis are summarized. The lattice parameters are similar as estimated by Wychoff, 34 and by Owen and Yates. 35 The crystallite size is ~1. From XPS spectra of pristine Ir/Ti 4 O 7 based catalyst layers (prepared with Nafion as ionomer) as well as after electrochemical treatment is concluded that the thickness of the surface Ir-oxide layer slightly increases by ~30% after the electrochemical test (see supporting Information).
AFM on pristine materials
The topography measurements of the three different materials are given in Fig. 5 . In Fig. 5a , the topography of Ir/Ti 4 O 7 is shown and larger particles of the Magnéli phase can be clearly observed as well as the smaller Ir agglomerates. Fig. 5b shows the topography image of Ir black. On the topography image of the Ti 4 O 7 coated sample (Fig. 5c ) only larger crystals of Ti 4 O 7 are visible.
The size of single Ir nanoparticles or smaller agglomerates on the Ti 4 O 7 support measured by AFM are slightly higher than by XRD, but might be overestimated in the image due to convolution of tip and particle geometry. At higher magnification, given in Fig. 6a and Fig. 6b , Ir agglomerates are This can be noticed in the adhesion image shown in Fig. 6c and Fig. 6d , from which the Ir nanoparticles (yellow dashed circles) and the Ti 4 O 7 support can clearly be distinguished.
A comparison of the surface potential measured on the different samples by PF-KPFM is shown in Fig. 6e . The potential values at the peaks of the curves, fitted using a Gaussian distribution, are given in Table 2 decrease of the potential of the nano-particles is most likely caused by the mixed character of the catalyst. In addition, an adsorption of chloride ions on the catalyst that is known to lower the potential 38, 39 has to be taken into account.
AFM on catalyst layers
200 cycles of CV between 1.0 and 1.6 V vs. RHE were carried out on Ir-black and Ir/Ti 4 O 7 coated GC substrates in O 2 -saturated 0.5 M H 2 SO 4 . The surface properties were studied before and after electrochemical treatment through ex-situ AFM measurements. Fig. 7a shows a topography image of the Ir/Ti 4 O 7 catalyst layer. The adhesion of the AFM tip to the ionomer is higher than to the catalyst particles (Figure 7b ). The dark spots on the particles in the adhesion image indicate that the ionomer covers the agglomerates and primary particles only partly. 40 Additionally, it was found for both catalysts that not all the particles are covered by the polymer, which has an impact on the surface potential and the conductivity. Fig. 7c and 7d show a current image and current-potential (I(V)) characteristics at different positions on an Ir/Ti 4 O 7 electrode, respectively. The white line with numbers indicates the positions on the sample where the I(V) curves were measured. Higher resistance indicated thicker ionomer coverage of the particle. The corresponding broad primary particle size distribution, evaluated by measurements of particle size in the height image of Fig. 7e , is presented in Fig. 7f. An average primary particle size of 120 nm was determined for Ir/Ti 4 O 7 . In contrast, the average primary particle size of Ir-black is ca. 2.7 Please do not adjust margins
Please do not adjust margins times larger (histogram not shown). After the electrochemical measurements, the average primary particle size shifted to 100 nm, most probably as result of displacement of Nafion ionomer that initially covered the particles during the gas evolving OER. 
Electrochemical surface properties and activity
Surface electrochemistry
In a PEM electrolyzer, the potential of the anode has to be raised more than 1.48 V (thermonuclear potential) in order to split water. Therefore, the Au-RDE is not suitable for studying Fig. 8a and Fig. 8b , respectively. First, the cyclic voltammetric curve of Ir-black is almost identical to the one presented in Fig. S5 (a) . However, the peaks of the three characteristic zones of the CV, namely the hydrogen ionisation, double layer and oxide formation, are clearer and more defined. Ir/Ti 4 O 7 after ohmic correction. Fig. 8c shows the currentpotential characteristics of both catalysts in Ar-saturated 0. 
The formation of OOH ads eventually leads to the evolution of molecular O 2 , which proves that in fact other complex factors can affect the kinetic behaviour of the β in nanostructured and partly-oxidized catalysts such as Ir/Ti 4 O 7 and Ir-black. Therefore, only in-situ spectroscopies and other sophisticated characterization techniques at the atomic level can really provide insight on the OER mechanism of the materials discussed herein. A number of CVs were performed in deaerated 0.5 M H 2 SO 4 in order to study the changes in the electrochemical surface of the materials after the OER measurements performed at different temperatures (from 25 °C to 70 °C). The results are summarized in Fig. 8e and Fig. 8f for Ir-black and Ir/Ti 4 O 7 , respectively. At first, we can observe in Fig. 8e that peaks from the triplet associated to H ads in Ir-black are more defined compared to Fig. 8a . Moreover, the characteristic Ir-redox pairs are also more pronounced in these CVs than in the OER measurements. Notably, the redox pair of Ir 3+ /Ir 4+ of the Ir/Ti 4 O 7 (Fig. 8f) can be easily distinguished showing how the absolute current density centered at ca. 0.9 V increases progressively with every cycle. Interestingly, the oxidation peak of Ir 3+ in Ir/Ti 4 O 7 is shifted positively more than 50 mV compared to the reduction peak of Ir 4+ , while for Ir-black the difference is only about 10 mV (see Fig. S6 , supporting information).
The larger shift on Ir/Ti 4 O 7 can be attributed to the ceramic support, as it occurred for the OER onset potential.
Conclusions
The Ir/Ti 4 O 7 anode catalyst is a promising material for reducing the precious metal loading in the PEM electrolyzer for large scale storage of renewables. In many ways the Ir/Ti 4 O 7 catalyst is thermodynamically more efficient on a noble metal mass and an active site basis during the electrocatalytic oxygen evolution than commercial Ir-black. It has a higher OER activity, higher TOF on each active center, and better utilization of the precious metal compared to Ir-black. In general it has improved kinetic properties, except for a slight shift in the water splitting onset potential, which is attributed to the ohmic drop from the lack of compactness of the catalyst layer. Even though this catalyst appears attractive as anode material for polymer electrolysis the structural and chemical complexity complicates the elucidation of the OER mechanism and the effect of using an electro-ceramic supports.
